In the setting of acute myocardial infarction, early and adequate reopening of an infarct-related artery is not necessarily followed by a complete restoration of myocardial perfusion. This condition is usually defined as 'no-reflow'. The pathophysiology of no-reflow is multifactorial since extravascular compression, microvascular vasoconstriction, embolization during percutaneous coronary intervention, and platelet and neutrophil aggregates are involved. In the clinical arena, angiographic findings and easily available clinical parameters can predict the risk of no-reflow. More recently, several studies have demonstrated that biomarkers, especially those related to the pathogenetic components of no-reflow, could also have a prognostic role in the prediction and in the full understanding of the multiple mechanisms of this phenomenon. Thus, in this article, we investigate the role of several biomarkers on admission in predicting the occurrence of no-reflow after successful percutaneous coronary intervention.
Predicting the no-reflow phenomenon following successful percutaneous coronary intervention
The goal of primary percutaneous coronary intervention (PCI) in ST-segment elevation myocardial infarction (STEMI) is the rapid restoration of epicardial blood flow to minimize the progression of myocardial necrosis and to improve overall survival [1, 2] . However, in almost 40% of patients, myocardial perfusion in the infarct-related artery territory has been shown to remain compromised despite the complete restoration of normal flow in the epicardial coronary artery. This condition has been defined as the 'no-reflow' phenomenon [3] .
No-reflow phenomenon strongly affects the outcome of PCI, since patients with no-reflow phenomenon have been demonstrated to have a worse clinical prognosis than those in which myocardial perfusion is normally restored [4] . Recently, clinical research has focused on understanding, detection, prevention and treatment of this condition.
Once the pathophysiology, the assessment and the potential therapeutic approaches to noreflow is clarified, we would need a means of risk stratification in order to select patients at high risk of no-reflow.
In the setting of acute myocardial infarction (AMI), cardiac biomarkers, such as troponin T (cTnT), troponin I (cTnI) and creatin kinase (Ck)-MB, play an important role in the diagnosis and in the prognostic stratification of the patients, as underlined by guidelines of both the American College of Cardiology [5] and European Society of Cardiology [6] . However, only in recent years has the relationship between cTnT, cTnI and Ck-MB and the prevalence of no-reflow been investigated. More recently, several research groups have focused their attention on the role -in the setting of STEMI -of noncardiac biomarkers on admission, such as white blood cells (WBCs) and neutrophil count, mean platelet volume (MPV), C-reactive protein (CRP), hyperglycemia, fibrinogen and brain natriuretic peptide (BNP). The rising role of cardiac and noncardiac biomarkers in the prediction of no-reflow is strictly related to their possible involvement in distinct pathogenic mechanisms of this phenomenon.
The aim of the present article is a reappraisal of these biomarkers and of their possible usefulness in modifying the clinical approach and treatment of no-reflow phenomenon in patients with AMI.
Pathophysiology of no-reflow
Hystorically, the no-reflow phenomenon was first described in an ischemic canine heart by Kloner et al. [7] . In humans, the pathophysiology of no-reflow has been elucidated by several studies. Specifically, it has been reported that this phenomenon is mostly caused by the variable combination of four pathogenetic components: distal atherotrombotic embolization, ischemic injury, reperfusion injury and individual predisposition to microvascular damage (Figure 1) .
Distal atherothrombotic embolization can originate from thrombus disruption during PCI [8] ; indeed, microvascular blood flow decreases irreversibly when more than 50% of future science group Review Galiuto, Paraggio, Liuzzo, de Caterina & Crea coronary capillaries are obstructed [9] . However, distal embolization seems to be a more complex phenomenon that involves several factors that are released from the site of lipid-rich plaque disruption. Liberation of plaque components, including platelet-fibrin complex, macrophages and colesterol crystals, might induce arteriolar spasm, leading to further microvascular congestion, thrombosis and reduced coronary perfusion.
Ischemia is a major determinant of both microvascular and myocyte damage. However, microvessels are more resistant to ischemia than myocytes, as it has been demonstrated by the ana lysis of tissue damage after different ischemic periods. Accordingly, since the no-reflow area is always confined within the necrotic area, microvascular damage does not appear to be the primary cause of myocardial damage [10] .
Reperfusion also carries undesirable effects and affects no-reflow. This phenomenon, commonly known as reperfusion injury, is mostly caused by the rapid initial influx of fluid and electrolytes that are responsible for the endothelium cell swelling and myocytes' contraction band necrosis, followed by microvascular damage. In addition, the local rapid increase of oxygenated blood leads to the overproduction of oxygen free radicals and proinflammatory mediators by neutrophils (mostly in the first 2-10 min), which may increase endothelial dysfunction. This local increase of such proinflammatory mediators can also promote tissue edema and extravascular hemorrhage. Finally, platelets and neutrophils enhance the formation of leukocyte plugs and aggregates of red cells that have lost their flexibility [11, 12] . Reperfusion might also cause irreversible damage to myocytes by triggering an uncontrolled hypercontraction, caused by calcium overload [13] .
Finally, the individual predisposition to microvascular injury may be genetic or acquired and it has been mostly related to the presence of diabetes [14] , hypercholesterolemia [15] and preconditioning [16, 17] . Of note, a recent study suggests that the 1976T-C polymorphism of the adenosine 2A receptor is associated with an increased incidence of no-reflow phenomenon [18] . Furthermore, patients with no-reflow demonstrate a more compact fibrin network, possibly suggesting a genetic-mediated resistance to lysis [19] .
Our group has recently demonstrated that no-reflow, as detected by myocardial contrast echocardiography (MCE) 24 h after successful PCI, improves over time in almost 50% of patients, thus, leading to a 'new' categorization of no-reflow as 'reversible' and 'sustained' [20] . Reversible no-reflow is probably caused by the functional microvascular changes that have been observed after a short (10-20 min) ischemic time in the animal model. Several factors may be involved, such as the decreased number of perfused capillaries, with a consequent reduction in absolute blood flow volume, the increased capillary permeability and, importantly, a condition of impaired vasodilatation. Interestingly, this vasomotor impairment is confined to microcirculation, since epicardial coronary arteries maintain their vascular reactivity after ischemia-reperfusion. Conversely, the sustained no-reflow pattern reflects the anatomical irreversible damage following a longer ischemic injury, which have been previously elucidated, and may represent myocardial necrosis [3] .
diagnosis
Over the years, different diagnostic approaches have been described to diagnose no-reflow and more so to predict this condition during PCI (Table 1) .
First of all, electrocardiographic ST-segment resolution (STR), as assessed 1 h after PCI, probably represents the most widely used technique, both in experimental studies and in clinical practice. Indeed, in the presence of impaired microvascular perfusion, ST-segment elevation persists despite successful PCI. The lack of STR over 50-70% is commonly considered diagnostic of no-reflow [21] . Sustained elevation of the ST segment after successful PCI is also associated with unfavorable functional and clinical outcomes. However, it has to be acknowledged that almost 30% of patients with thrombolysis in myocardial infarction (TIMI) flow 3 and myocardial blush grade (MBG) 2 or 3 do not exibit STR [22] . Predicting the no-reflow phenomenon following successful PCI Review Several angiographic parameters can also be useful to detect no-reflow. First, the analysis of TIMI flow grade, which provides the rate of blood flow in the epicardial vessel, gives important information with regard to the occurrence of no-reflow [23] , particularly TIMI flow grade scores from 0 (total absence of flow) to 3 (normal flow). TIMI flow grade 0-2, observed in 5-10% of patients after PCI, represents the angiographic evidence of no-reflow. The sensitivity of TIMI flow grade, however, is rather low as no-reflow occurs even in patients showing TIMI flow grade 3. MBG represents a newer and more sensitive method to assess no-reflow during PCI, since it provides a semi-quantitative evaluation of tissue perfusion after injection of contrast media in the epicardial vessel. Similarly to TIMI flow grade, MBG is scored on a scale of 0-3, with higher scores indicating better perfusion. An MBG of 0 or 1 is suggestive of no-reflow and has been observed in almost 50% of patients with TIMI flow grade 3 [24] . Among patients with TIMI flow grade 3, the assessment of MBG allows further risk stratification as only patients with normal epicardial flow and normal tissue perfusion have an extremely low risk of death. Accordingly, the diagnosis of no-reflow can be obtained by combining TIMI and MBG, defining no-reflow as TIMI flow grade 3 or less with MBG 0-1.
Coronary microvascular flow can be easily and noninvasively assessed by imaging techniques, thus, providing a direct visualization of myocardial perfusion and a quantification of myocardial blood flow. In the setting of STEMI, the most commonly used and validated techniques are cardiac magnetic resonance (CMR) and MCE.
Cardiac magnetic resonance uses gadolinium, a paramagnetic contrast media, to assess regional myocardial perfusion. Gadolinium is very useful in the evaluation of tissue perfusion as it behaves as an intravascular agent in the first phase after its administration. Using gadolinium-enhanced CMR, no-reflow can be diagnosed as: lack of gadolinium enhancement during first pass or lack of gadolinium enhancement within a necrotic region, identified by late gadolinium hyperenhancement [25] . CMR evaluation of microvascular perfusion has been shown to strictly correlate with MBG [26] . Finally, the detection of hypoenhancement zones on first-pass perfusion CMR, which represents no-reflow, is associated with permanent dysfunction at follow-up.
Myocardial contrast echocardiography uses ultrasounds to detect the presence of microbubbles in myocardial microvessels. Microbubbles are injected in the periferic circulation and easily bypass the pulmonary circulation reaching myocardial microvessels. The main component of microbubbles is air or high-molecular-weight gas, and their diameter and rheology are similar to that of erythrocytes. However, unlike red blood cells, they are able to scatter ultrasound waves and produce a signal detectable by echocardiographic probes. Microvascular obstruction is thus detectable as a perfusion defect during myocardial contrast echocardiography and represents the extent of no-reflow (Figure 2 ) [27, 28] . Recently, in the AMI Contrast Imaging (AMICI) study, the extent of no-reflow has been demonstrated to be the best predictor of adverse left ventricular (LV) remodeling after STEMI, being superior to STR and MBG among patients with a TIMI flow grade 3 [29] .
More recently, two new methods of assessing no-reflow have been carried out. A diastolic deceleration time (DDT) less than 600 ms 7 days after AMI, assessed by noninvasive transtoracic Doppler echocardiography, strictly predict LV Review Galiuto, Paraggio, Liuzzo, de Caterina & Crea dilation at 6 months. Therefore, DDT less than 600 ms 7 days after AMI was an independent predictor of LV remodeling and microvascular dysfunction [30] . Index of microcirculatory resistance is a new invasively assessed measure of microvasculature function using a pressure sensor/thermistor-tipped guidewire during PCI. Recently, the value of the index of microvascular resistance greater than 32 U (U = mean distal coronary pressure by the hyperemic transit time), assessed during primary PCI following STEMI, has been shown to strictly correlate with wall motion score at 3 months better than other angiographic measures of microvascular dysfunction [31] .
In the clinical arena, angiographic parameters, such as TIMI flow grade and MBG, still represent the most useful tool to recognize noreflow. However, other techniques can help in clarifying the diagnosis and stratify the risk of these patients.
Other imaging methods used to assess microvascular patency, such as PET, myocardial scintigraphy and stress echocardiography, are difficult to use immediately after AMI and they are usually contraindicated in this clinical setting.
Clinical implications
Several studies have demonstrated that no-reflow has a negative impact on outcome, reducing the potential benefit of primary PCI. In fact, the occurrence of no-reflow is associated with a poor functional recovery and a higher incidence of early postinfarction complications, such as arrhythmias and development of congestive heart failure [32] .
A large area of microvascular injury might impair the healing of the infarct area and could prevent the delivery of pharmacologic agents into that area. In fact, transmural damage is frequently associated with the no-reflow area; if the area of no-reflow is extended, infarct expansion and LV dilation are likely to occur. Therefore, no-reflow phenomenon is associated with a higher prevalence of adverse LV remodeling, which in turn, represents a strong predictor of late heart failure and mortality [29, 33] .
Since no-reflow phenomenon occurs in a reliable proportion of patients with AMI and its presence predicts a worse clinical outcome, the assessment of myocardial perfusion in the Predicting the no-reflow phenomenon following successful PCI Review acute and subacute phase of AMI is useful for risk stratification in order to identify high-risk patients who need specific forms of treatment.
Therapeutic strategies
Several therapeutic strategies have been developed and tested to prevent and treat no-reflow. First, patients should undergo PCI as soon as possible since no-reflow occurrence and its severity are time dependent. Several trials have shown the importance of thrombus aspiration to prevent distal embolization after successful PCI, especially if a TIMI flow grade of no more than 1 is still present after guidewire insertion [34] . In fact, thrombus aspiration significantly reduces the extent of microvascular obstruction (assessed by MCE) and myocardial dysfunction. However, it does not have a significantly favorable effect in preventing LV remodeling [35] and could also have a possible deleterious effect, resulting in an increasing infarct size [36] . More recently, even the role of direct stenting [37] has been emphasized in this setting. Since platelet aggregation is one of the mechanisms involved in the no-reflow phenomenon, glycoprotein IIb/ IIIa receptor inhibitor, in the setting of STEMI, has been demonstrated to prevent no-reflow [38] and to reduce mortality and the rate of re-infarctions when administered during PCI.
Once the no-reflow phenomenon is established, other treatment options are available. Some pharmacologic agents, such as adenosine [39] , nitroprusside [40] and nicorandil [41] , seem to reduce the extension of microvascular damage after PCI as evaluated by electrocardiographic and angiographic indexes.
More recently, several new therapeutic approaches have been investigated. Sezer et al. have demonstrated that low-dose intracoronary administration of streptokinase immediately after PCI, improved myocardial reperfusion, although it does not improve long-term myocardial dysfunction [42] . On the other hand, Piot et al. have demonstrated a substantial reduction of infarct size after injection of cyclosporine at the time of reperfusion [43] . However, the beneficial effects of all these treatments as surrogate end points have not been associated with a better outcome.
Predictors of no-reflow n Clinical predictors
Several studies have evaluated the relationship between clinical, hemodynamic and electrocardiographic parameters obtained before PCI and incidence of no-reflow in patients with STEMI.
Cura et al. have demonstrated that the clinical characteristics of patients on admission, such as advanced age, elevated heart rate, angiographic evidence of thrombus and absence of coronary flow before PCI are independent predictors of TIMI flow grade 2 or less after PCI [44] . In the Assessment of Pexelizumab (APEX)-AMI trial, advanced age, patent artery and ischemic time demonstrated a strict association with the incidence of no-reflow after successful revascularization [45] .
The duration of ischemia before PCI has been demonstrated to be the most important clinical predictor of no-reflow after successful PCI. Recently, Nallamothu et al. have demonstrated that a longer time to reperfusion is associated with a higher prevalence of no-reflow and with a larger no-reflow area [46] . Moreover, in a recent study by Iliceto et al., among 77 patients undergoing CMR after successful PCI, time-to-balloon was significantly associated at multivariate analysis both with myocardial transmural necrosis and severe microvascular obstruction [47] .
Acute hyperglycemia occurs in up to 50% of all patients presenting with STEMI, regardless of a previous history of diabetes mellitus [48] . Irrespectively of the patient's insulin sensitivity, acute hyperglycemia at admission is associated with worse clinical outcome and increased mortality in patients with AMI [49] . Several reasons may justify this increased risk: patients with hyperglycemia seem to present a larger infarct size, a higher incidence of congestive heart failure or cardiogenic shock and a tendency to arrhythmia [50] . Of note, an increased incidence of the no-reflow phenomenon has been associated with high admission glucose levels.
Several studies have been carried out to elucidate the role of acute hyperglycemia in the occurrence of no-reflow. Iwakura et al. have enrolled 146 consecutive patients with a first AMI and have assessed the occurrence of noreflow by myocardial contrast echocardiography after successful reperfusion [51] . They have demonstrated that, despite a similar proportion of diabetes mellitus and glycated hemoglobin values, patients with no-reflow after successful PCI, showed a significantly higher blood glucose level on admission than those with effective myocardial reperfusion (209 ± 79 mg/dl vs 159 ± 56 mg/dl, respectively; p < 0.0001). Moreover, at multivariate ana lysis, blood glucose level at admission was an independent predictor of no-reflow. More recently, Ishihara and colleagues have confirmed these findings prospectively demonstrating that, in 1253 consecutive future science group Review Galiuto, Paraggio, Liuzzo, de Caterina & Crea patients with AMI, those patients with acute hyperglycemia (defined as plasma glucose level >198 mg/dl, regardless of the diabetic status) demonstrated a higher incidence of no-reflow (21 vs 12%; p < 0.001), while there was no difference in the incidence of no-reflow between diabetic and nondiabetic patients (14 vs 15%, respectively; p = 0.71) [52] . Neither of these studies clarify whether hyperglycemia was a cause or a consequence of a large infarct size that could be related to the no-reflow phenomenon.
Acute hyperglycemia also reduces the protective effect of preinfarction angina on microvascular function. In fact, Takahashy et al. found that, while in patients with normal glycemic levels at admission, preinfarction angina was associated with better angiographic parameters of microvascular function; in patients with acute hyperglycemia no significant difference with respect to these parameters were present between patients with and without preinfarction angina [53] .
Finally, acute hyperglycemia at admission also influences the patient's thrombotic state [54] . Indeed, elevated glucose levels at admission were associated with a significant increase in markers of thrombin formation, such as thrombin-antithrombin complexes (p = 0.0095) and prothrombin 1.2 fragments (p = 0.016), together with a higher level of CD40L (p < 0.0001), a marker of platelet activation and with reduced levels of fibrinogen (p = 0.002). Further prospective studies are needed to establish the possible benefit of tight glucose control before coronary reperfusion. n Angiographic predictors Some angiographic parameters have been found to correlate with the prevalence of no-reflow. Above all, the involvement of the left anterior descending probably because of a larger extent of ischemic area [55] .
A strict relationship between specific angiographic parameters and the prevalence of noreflow after successful PCI has been found by Yip et al. in 794 consecutive patients [56] ; specifically, angiographic thrombus with the greatest linear dimension of more than three times the reference lumen diameter in the infarct-related artery, the presence of floating thrombus, a reference lumen diameter of the infarct-related artery that is larger than 4 mm, persistent contrast media distal to the obstruction and cutoff pattern (lesion morphology with an abrupt cutoff without taper before the occlusion) were found to correlate with a higher incidence of slow flow and no-reflow phenomenon after direct PCI.
Moreover, a recent study by Maekawa and colleagues has shown a major incidence of angiographic no-reflow in patients undergoing PCI with stent overexpansion (defined as stent:artery ratio of ≥1.2) [57] . n Blood cell-related markers
White blood cells & neutrophil count
It is well known that inflammation is a potent risk factor for the development of coronary artery disease. In recent years, the interest in the role of WBC and neutrophil count in the prediction of clinical outcome [58] and no-reflow in the setting of AMI has risen. The relationship between WBC count and the increased risk of AMI has long been recognized. More recent studies have highlighted the role of WBC count in the prediction of long and short-term outcome of patients with AMI [59, 60] .
The specific mechanism by which WBCs affect clinical outcome is, however, still under investigation. Barron et al. hypothesized that high WBC count could lead to increased morbidity and mortality, inducing a hypercoagulable or thromboresistant state [61] . It is well known that the major component of higher WBC count in the setting of AMI is represented by neutrophil count. Interestingly, in acute coronary syndromes, neutrophils are involved in plaque instability and several studies have demonstrated a general activation of these cells throughout the coronary tree [62] . Moreover, during reperfusion neutrophils can plug capillaries together with platelets [63] and they can release cytokines and neutrophil-derived mediators [64] , such as oxygen free radicals and proteolytic enzymes, that reduce microvascular blood flow.
Kojima et al. have recently investigated the importance of admission WBC count as an independent predictor of no-reflow and mortality after successful PCI in the setting of AMI [65] . They retrospectively evaluated 1016 patients from the Japanese Coronary Syndrome Study database. They divided all patients in quartiles depending on WBC count and found significant differences between patients in highest quartile and patients in quartile one and two for the occurrence of no-reflow phenomenon, identified as TIMI flow grade of no more than 2 (p < 0.05). Patients in the highest quartile also had a hazard ratio of 2.9 compared with those in lowest quartile for death following AMI (p = 0.02). Moreover, WBC admission count resulted an independent predictor of no-reflow phenomenon following successful PCI (p = 0.025).
future science group
Predicting the no-reflow phenomenon following successful PCI Review More recently, Sezer and colleagues prospectively demonstrated that, in 41 patients with AMI, a high neutrophil count at admission was strictly associated with the degree of microvascular damage, since there was a strong relationship between neutrophil count and angiographic ana lysis [66] . Moreover, they demonstrated a slightly significant relationship between admission WBC count and the same angiographic parameters. These associations were confirmed at multivariate ana lysis.
Recent investigations have suggested that myeloperoxidase, an enzyme secreted by activated neutrophils and monocytes, may be involved in the pathogenesis of coronary artery disease [67] . A recent study performed on 50 consecutive patients with AMI by Funayama et al. has demonstrated the strict association between myeloperoxidase and the no-reflow phenomenon, since the level of this enzyme was significantly greater at the culprit lesion in patients with no-reflow than those without no-reflow [68] . Moreover, they failed to demonstrate the difference in the plasma levels of elastase and IL-8 between the two groups of patients.
Therefore, WBC and neutrophil count on admission seem to be reliable markers of noreflow, reflecting the essential role of these cells in the pathophysiology of this phenomenon.
Mean platelet volume
Acute coronary syndromes are caused by an acute reduction of coronary f low, usually caused by the activation of an atherosclerotic plaque overlapped by a thrombus of variable extent, which may lead to coronary occlusion or subocclusion. In this setting, platelets play an important role. It has been demonstrated that MPV strictly correlates with their reactivity [69] , since a greater MPV is associated with a higher expression of markers of platelet activity, such as glycoprotein Ib and glycoprotein IIb/IIIa receptors [70] . Several studies have also demonstrated that patients with unstable angina and AMI showed higher MPV when compared with patients with stable angina or noncardiac chest pain [71] . Moreover, MPV has been shown to be an independent risk factor for AMI [72] and strictly affect clinical outcome [73] .
Platelets also play an important role in the occurrence of no-reflow phenomenon; the rush of platelet and neutrophils that follows reperfusion may lead to the formation of neutrophil-platelets aggregates that plug the microcirculation [63, 74] . Huczek et al. have found that, in 398 consecutive patients presenting with STEMI, mean admission MPV was higher in patients with noreflow, assessed as TIMI flow grade less than 3, compared with those without no-reflow (10.8 vs 9.9 fl, respectively; p < 0.0001) [75] . Moreover, patients with high MPV, defined as a value in the third tertile (≥10.3 fl), had almost a fivefold higher risk of developing no-reflow as compared with to those with low MPV (21.2 vs 5.5%, respectively; p < 0.0001). At multivariate ana lysis, high MPV still remained a strong independent predictor of no-reflow (odds ratio [OR]: 4.7; p < 0.0001).
More importantly, MPV was found to be a predictor of no-reflow regardless of admission cTnI levels, since high MPV was strictly related with the occurrence of no-reflow in patients with both positive (p < 0.0001) and negative (p = 0.0027) admission cTnI levels. They also found that mean MPV value was significantly higher in those patients who died 6 months after AMI as compared with survivors (10.40 ± 0.85 vs 9.96 ± 0.90 fl, respectively; p = 0.0134). All these findings were confirmed by a more recent study by Sezer et al., in which MPV demonstrated a strict relation with angiographic parameters of reperfusion after successful PCI both at univariate and multivariate analysis, thus suggesting a future increasing role of MPV in clinical arena [66] .
Tromboxane A2
Niccoli et al. have recently aimed to assess the role of plasma levels of tromboxane A2 (TXA2) at admission in predicting the occurrence of noreflow phenomenon [76] . It is well known that TXA2 is a key mediator of platelet activation and aggregation, and an important mediator of platelet-induced coronary vasoconstriction. They have, thus, supposed that TXA2 might be involved in platelet activation and plugging, both occurring in no-reflow. A total of 47 consecutive patients with first STEMI undergoing PCI within 12 h of onset of symptoms were enrolled. The study demonstrated that higher admission plasma levels of TXA2 are associated with higher incidence of microvascular injury following successful PCI (17.74 vs 3.91 pg/ml; p = 0.005). Moreover, TXA2 admission plasma levels were also higher in patients lacking STR following PCI (19.58 vs 3.99 pg/ml; p = 0.001).
Finally, multivariate ana lysis demonstrated that admission plasma levels of TXA2 were predictors of both angiographic no-reflow (OR: 1.08; p = 0.04) and lack of STR (OR: 1.13; p = 0.013).
These findings could suggest new therapeutic approaches to specifically block TXA2.
future science group Review Galiuto, Paraggio, Liuzzo, de Caterina & Crea Interestingly terutroban, a specific thromboxane receptor antagonist, has already been found to be more effective than aspirin in the inhibition of thrombus formation in animals [77] . n Markers of myocardial necrosis Creatinkinase Until the late-1980s the MB isoform of Ck represented the only specific marker of myocardial cells and the only biomarker that allows an easy assessment of myocardial necrosis. However, Ck-MB doesn't have a high diagnostic specificity. Therefore, in the diagnosis of AMI, Ck/ Ck-MB are used only when cTnT and cTnI assays are not available. Moreover, several studies have demonstrated that both admission and peak Ck/Ck-MB values provide a lower prognostic value than cardiac troponins in the setting of AMI [78, 79] . However, Ck/Ck-MB represents cytoplasmatic enzymes of myocardiocytes and they are rapidly released in systemic circulation in response to myocardial damage. For this reason, Ck/Ck-MB are, nowadays, the most effective biomarkers in providing an early diagnosis of AMI (within first 6 h).
Only a few studies have investigated the relationship between Ck/Ck-MB admission levels and the occurrence of no-reflow phenomenon. Only one study has demonstrated that Ck admission levels showed significant correlation with CMR no-reflow, assessed as delayed enhancement score of no more than 1 (p = 0.018) [80] , while two other studies have demonstrated a correlation between no-reflow, assessed by TIMI flow grade less than 3 and Ck-MB peak value [56, 81] . However, in no case were Ck/Ck-MB levels investigated in a multivariate ana lysis and many studies did not demonstrate significant correlation between these biomarkers and the occurrence of no-reflow, so the role of this biomarker in the prediction of no-reflow has to be considered still under investigation.
Cardiac troponin
Clinical outcome of patients with AMI is strongly affected by the occurrence and the extent of myocardial necrosis. cTnT and cTnI represent the tropomyosine binding protein of the contractile apparatus of cardiac myocytes. A direct correlation has been found between the extent of necrotic area (commonly known as 'infarct size') and both peak and area under the curve of cTnT [82] . Therefore, cTnT can be considered a sensitive and specific marker of myocardial necrosis. Several studies have demonstrated a strict relationship between positive admission levels of cTnT and major cardiac events and death [83, 84] , also among patients with TIMI flow grade 3, as shown by Kurowski et al. [85] . This association is probably due to major extent of necrotic area, less myocardial salvage and probably microvascular dysfunction.
Although many studies have investigated the relationship between cTnT and cTnI levels and clinical outcome, and between these biomarkers and infarct size, only few studies have focused on the role of cTnT and cTnI in predicting the occurrence of no-reflow phenomenon in the setting of STEMI. In the TIMI 10B study, admission levels of cTnI were significantly lower in the patients who demonstrated a TIMI flow grade 3 at 60-min angiogram after thrombolytic therapy [86] , while in another study, these levels were lower in patients with TIMI flow grade 3, 90 min after trombolysis [87] . Matetzky and colleagues have demonstrated for the first time that 24% of 110 consecutive patients with elevated admission cTnI levels failed to achieve a TIMI flow grade 3, while patients with cTnI less than 0.4 ng/ml achieved this value in all cases [88] .
A more recent study, carried out on 140 consecutive patients admitted with the diagnosis of first STEMI by Giannistis et al., has clarified the role of cTnT for the prediction of no-reflow [89] . They demonstrated that epicardial flow remained more frequently compromised (TIMI flow grade <3) in patients with a cTnT-positive value on admission than in cTnT-negative patients (25 vs 9%, respectively; p = 0.009). At multivariate ana lysis, cTnT was the most powerful predictor of successful PCI (TIMI flow grade 3), even superior to time to balloon. Several other studies investigating the impact of clinical, angiographic and laboratoristic parameters for the prediction of no-reflow, have investigated the role of cTnT or cTnI. Huczek et al. found that admission-positive cTnI was an independent predictor of no-reflow (OR: 4.8; p = 0.004) [63] , while Hong et al. have demonstrated that admission cTnT level was significantly higher in the no-reflow group than in normal flow group (p = 0.001) [90] . More recently, a study carried out in 27 patients with AMI by Porto et al. demonstrated that elevated admission cTnT was associated with perfusion defect size at first-pass CMR (n = 27, r = 0.42; p = 0.028) [91] .
The role of biomarkers of myocardial necrosis in the prediction of no-reflow should, however, be clarified as they seem to be more strictly related with infarct size and, as a consequence, to myocardial cell necrosis more than microvascular damage.
future science group
Predicting the no-reflow phenomenon following successful PCI Review n Markers of inflammation & endothelial activation
C-reactive protein
Systemic inflammation has been demonstrated to play an important role in all phases of atherosclerosis [92] . In addition, inf lammation enhances epicardial and microvascular tone [93] . Of note, myocardial injury that occurs during AMI generates an acute-phase reaction, as is the case for any kind of tissue injury [94] , and the degree of this reaction may influence the clinical outcome of these patients [95] . Moreover, there has been an increasing interest in acute-phase reactant CRP in the prediction of cardiovascular events. In AMI, CRP has been localized in the infarcted region together with activated fragments of the complement system, where it may play a pathogenetic role by enhancing local inflammation [96] . Admission CRP levels have been demonstrated to affect final infarct size, probably owing to the detrimental effect of CRP on myocardium through complementmediated tissue damage [97] . Several recent studies have also demonstrated that high baseline CRP levels in patients with AMI undergoing primary PCI could predict early complications and worse short-term prognosis [98] .
In the setting of AMI, activation of inflammatory cells may enhance no-reflow. Specifically, inflammation may contribute to microvascular obstruction through several mechanisms [95, 99] : endothelial activation, impairment of microvascular response to both endothelium-dependent and endothelium-independent vasodilator stimuli and reduction of fibrinolytic response following vessel occlusion.
In a recent published article, Celik et al. demonstrated that, in 75 consecutive patients in the setting of AMI, admission CRP levels of patients with TIMI perfusion grade (an analog of MBG) 0-1 after successful PCI were significantly higher than those of patients with TIMI perfusion grade 2-3 (27.67 ± 8.31 vs 12.03 ± 3.95 µg/dl, respectively; p < 0.001) [100] . Moreover, CRP levels demonstrated a significant independent correlation with the development of poor myocardial perfusion after successful PCI (p = 0.003). More recently, Jesel et al. have demonstrated that CRP levels were also strictly associated with microvascular obstruction evaluated by CMR (n = 50, r = 0.43, respectively; p = 0.003) [67] .
However, a recent study carried out by Niccoli et al. on 60 consecutive patients with first STEMI have shown no correlation between CRP admission levels in patients with final TIMI flow grade no more than 2 and those in patients with TIMI flow grade 3 (6 vs 3 mg/l; p = 0.1) [101] . Moreover, CRP admission levels were also similar between patients with MBG 2 or less, compared with those with MBG 3 (3 vs 3.8 mg/l, respectively; p = 0.8).
C-reactive protein-mediated complement activation together with neutrophil plugging may be the factors contributing to the development of microvascular damage in patients with AMI. Thus, the impact of CRP admission levels and those of complement system on predicting the occurrence of no-reflow has not been clearly elucidated and more studies are needed.
Fibrinogen
After successful PCI following an AMI, the alterations of blood rheology are more pronounced in patients with incomplete myocardial microcirculation reperfusion [102] . These patients mainly show enhanced erythrocyte aggregation and higher plasma viscosity, which elevates blood flow resistance in the microvasculature, thus, contributing to the occurrence of no-ref low phenomenon [103] . Fibrinogen concentration at admission is associated with adverse clinical outcome in patients with unstable angina and strictly correlates with infarct size [104] , as assessed by Ck-MB peak value, and extent of no-perfusion areas at thallium scintigraphy.
Recently, Wasilewski et al. demonstrated that, in 105 consecutive patients with STEMI, high fibrinogen levels are associated with the absence of complete myocardial reperfusion, assessed by STR less than 50%, after successful PCI, as compared with patients with complete reperfusion (523 ± 198.02 vs 395.56 ± 144.98 mg/dl, respectively; p = 0.0004) [105] . Both at uni-and multivariate ana lysis, fibrinogen concentration has been found to be an independent predictor of noreflow phenomenon (OR: 1.56; p = 0.0023 and OR: 1.51; p = 0.021, respectively). These data have been confirmed by Hong et al., showing that patients who develop no-reflow had higher levels of fibrinogen concentration at admission, as compared with those with normal reflow (347 ± 112 vs 278 ± 83 mg/dl, respectively; p = 0.035) [90] .
These findings may indicate an indirect role of high fibrinogen concentration, as it could lead to red blood cell aggregation in the occurrence of no-reflow phenomenon, which probably presents itself as an elevation of blood-flow resistance.
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Von Willebrand factor
More recently, Sgueglia and colleagues demonstrated that plasma admission levels (reported as a percentage of normality) of von Willebrand Factor (vWF), which is known to play an important role in endothelial activation, were higher in patients with no-reflow than in those with optimal myocardial perfusion (160 ± 62 vs 121 ± 49%, respectively; p = 0.012, n = 54) [106] . Furthermore, a vWF plasma level of at least 150% was a significant predictor of no-reflow at multivariate ana lysis (OR: 3.8; p = 0.033). Accordingly, the most important clinical implication of this study is to improve the treatment of no-reflow by targeting the platelet-vWF interaction.
Endothelin
Since its initial discovery in 1988 by Yanagisawa et al. [107] , the physiological and pathophysiological roles of endothelin (ET) have been extensively investigated. ET-1 is the most abundant of the ET peptides in the cardiovascular system and it is produced by endothelial cells, myocardiocytes and vascular smooth muscle cells [108] . ET-1 is a potent endothelium-derived vasoconstrictor peptide [109] , an important modulator of neutrophil function [110] and a stimulator of surface expression of adhesion molecules [111] . ET-1 has been found to be elevated in the first hours following an AMI [112] and is a strong predictor of adverse outcome in patients with AMI following successful PCI.
The efficacy of a variety of ET receptor antagonists in the treatment of ischemia-reperfusion injury has been tested in different animal models, and conflicting results have been reported. However, in several of these studies, ET antagonists were administered before the onset of ischemia and continuously during reperfusion [113, 114] . Although such administration was effective in most cases, it is not clinically applicable. More recently Galiuto et al. demonstrated that, in the canine model, the intravenous administration of an ET-1 antagonist immediately after reperfusion (a timing of administration potentially applicable in patients with AMI undergoing PCI) of 90 min of coronary occlusion preserved microvascular flow during reperfusion and prevented the increase in myocardial wall [115] .
A recent study, carried out by the same group, which assessed the predictive role of TXA2 and vWF, has shown in 51 consecutive patients with STEMI, the association between admission plasma levels of ET-1 and microvascular injury in humans [116] . They found that higher ET-1 levels at admission were associated with the occurrence of no-reflow, defined as TIMI flow grade less than 3 and/or TIMI flow grade 3 with MBG no more than 2 (3.95 ± 0.7 vs 3.30 ± 0.8 pg/ml, respectively; p = 0.004). Moreover, at multivariate logistic ana lysis, ET-1 was an independent predictor of no-reflow (OR: 2.76; p = 0.03). However, no clinical outcome assessment has been performed as the population was too small. Similar findings have been carried out by a later study from the same group.
Moreover, Adlbrecht et al. demonstrated the role of thrombus-bound ET in determining microvascular dysfunction [117] . Specifically, they convincingly demonstrated, in a porcine cardiac model, that coronary vasoconstriction was enhanced by the injection of human coronary thrombus homogenates obtained from culprit vessels in patients undergoing PCI after AMI.
Finally, these data may have relevant clinical implications and a randomized trial on the effects of an ET-1 antagonist on no-reflow in humans is needed.
Tissue factor
The contribution of the coagulation system to the pathogenesis of no-reflow phenomenon has only recently been emphasized. Tissue factor (TF) is known to initiate blood coagulation by binding activated coagulation factor VII [118] , thus, creating a complex that proteolytically activates factors IX and X, and triggers the coagulation system activation [119] . Moreover, TF is particularly abundant in coronary atherosclerotic plaques [120] . Therefore, the spontaneous mechanical disruption of atherosclerotic plaques might induce the release of active TF into coronary blood.
Bonderman et al. recently found, in 11 consecutive patients with first AMI, that TF antigen levels were more elevated in patients with no-reflow compared with control subjects, and even more elevated than in those with normal flow after successful PCI [121] . Moreover, in a pig model, they demonstrated the pathogenic role of TF in no-reflow phenomenon by injecting human TF containing atherosclerotic plaque material into porcine coronary circulation and detecting no-reflow in nine out of ten pigs within 30 s.
However, TF, as with many other biomarkers investigated in this article, shows very limited clinical application owing to the absence future science group Predicting the no-reflow phenomenon following successful PCI Review of a simple and quick diagnostic method. Furthermore, several clinical studies are needed to investigate whether anti-TF agents could offer new treatment opportunities.
Brain natriuretic peptide
Brain natriuretic peptide is a neurohormone that is synthesized and released by cardiac ventricles in response to an increased wall tension and direct myocardial damage [122] . BNP is produced as pro-hormone (pro-BNP), that is then cleaved into BNP and N-terminal pro-BNP (NT-pro-BNP). In the setting of AMI, BNP and NT-pro-BNP levels in the subacute phase are potent predictors of both short-and longterm mortality [123] . Goetze et al. demonstrated that myocardial ischemia is associated with an increase of both BNP and NT-pro-BNP values, even in the absence of left ventricular dysfunction [124] . In clinical practice, these biomarkers could represent a valuable screening test for cardiac disease in patients with a normal electrocardiogram, echocardiogram and cardiac enzymes [90] .
In recent years, the possible correlation between BNP admission levels and the occurrence of no-reflow phenomenon has been evaluated. Grabowski et al. first demonstrated that, in 126 consecutive patients undergoing PCI after STEMI, baseline BNP levels were higher among patients with a final TIMI flow grade 2 or less after successful PCI (356.7 ± 350.8 vs 142.8 ± 191.2 pg/ml; p < 0.0001) and among patients with no-reflow, defined as TIMI flow grade less than 3 and no STR after PCI (427.3 ± 362.9 vs 142.8 ± 188.3 pg/ml; p < 0.0001) [125] . Furthermore, at multivariate ana lysis, a serum baseline BNP level over 100 pg/ml was an independent predictor of TIMI flow grade 2 or less and no-reflow, and the risk of developing no-reflow was almost fivetimes higher than in patients with BNP levels less than 100 pg/ml. Recently, Jeong and colleagues confirmed these findings, demonstrating that a BNP admission level over 90 pg/ml was an independent predictor of no-reflow (n = 300, OR: 14.953; p = 0.001) [126] .
Hong et al. demonstrated that also NT-pro-BNP admission levels collected in 159 consecutive patients with STEMI are a reliable predictor of no-reflow phenomenon [90] . In fact, they demonstrated that baseline NT-pro-BNP levels were significantly higher in patients with no-reflow than in those without (1982 ± 3314 vs 415 ± 632 pg/ml, respectively; p = 0.005). At multivariate ana lysis, serum admission NT-pro-BNP levels over 500 pg/ ml were associated with a higher probability of developing no-reflow (OR: 4.42; p = 0.028).
However, all these studies failed to elucidate the underlying mechanism to the link between BNP and the no-reflow phenomenon, and more clinical and sperimental studies are needed to assess whether no-reflow can be the cause or the consequence of higher BNP.
Future perspective
The increasing understanding of the molecular mechanisms involved in no-reflow phenomenon after successful PCI have led to the evaluation of several new biomarkers as hypothetical predictors of no-reflow occurrence.
Most of the biomarkers reviewed in this article have been shown to be strictly related to the incidence of no-reflow phenomenon (Table 2) . Of note, admission levels of several of these biomarkers, such as WBC and neutrophil count, CRP and MPV can be easily assessed in clinical practice. cTnI and cTnT have demonstrated the ability to predict the occurrence of no-reflow; however, they seem to be more strictly related to necrotic damage than microvascular damage. Therefore, in the setting of AMI, all these biomarkers could already play an important role in the risk stratification of patients showing no-reflow after successful PCI. However, it should be noticed that the levels of these biomarkers in systemic circulation do not necessarily mirror their concentration at the microvascular level, where no-reflow phenomenon occurs.
Several more biomarkers, such as chromogranin A and those related with complement pathway, apoptosis and T-cell activation, have been demonstrated to be strictly related to ischemia-reperfusion injury in animal models. However, their role has not been demonstrated in human tissue. It is of note that there is a lack of a quick, simply reproducible and accurate marker to assess the occurrence of apoptosis in clinical practice.
Several therapeutic strategies against noref low have been tested with inconsistent results, mostly because they have been applied to the totality of patients without considering that the relevance of each pathogenetic component of no-reflow differ from patient to patient. Blood elevation of specific biomarkers might reflect the prevalence of a specific pathogenetic mechanism, thus, leading to a personalized treatment aimed at counteracting the prevalent mechanisms of no-reflow in the specific future science group Review Galiuto, Paraggio, Liuzzo, de Caterina & Crea Predicting the no-reflow phenomenon following successful PCI Review executive summary
Myocardial no-reflow occurs in almost 40% of patients who have undergone successful percutaneous coronary intervention. Infarct-related artery territory remain compromise despite complete restoration of epicardial flow. No-reflow strongly affects clinical outcome of these patients.
No-reflow: a multifactorial phenomenon
Principals variables that determine no-reflow are: distal atherotrombotic embolization, ischemic injury, reperfusion injury and individual predisposition to microvascular damage.
No-reflow could also be categorized as 'reversible' owing to microvascular functional changes, and 'sustained' owing to structural changes of microvessels and myocytes.
Diagnosis of no-reflow
Several diagnostic techniques can assess the occurrence of no-reflow. Coronary angiography parameters, such as thrombolysis in myocardial infarction flow grade and myocardial blush grade are the most common diagnostic tools in the clinical arena. Imaging techniques usually provide more sensitive and specific assessment of no-reflow compared with angiographic parameters.
Biomarkers of no-reflow
Biomarkers could play an important role in the prediction of no-reflow phenomenon before percutaneous coronary intervention. Cardiac biomarkers, such as cardiac troponin T and I, brain natriuretic peptide and pro-brain natriuretic peptide, are strictly related to the occurrence of no-reflow. Several plasma biomarkers, such as white blood cells and neutrophil count, C-reactive protein, mean platelet volume, tromboxane A2, endothelin-1 and fibrinogen could also provide prediction of no-reflow. Several biomarkers are easily assessed in clinical practice & could already be useful in risk stratification & clinical decision-making in the setting of acute myocardial infarction Cardiac troponin T and troponin I seem to be more related to myocardial necrosis than microvascular damage. White blood cells and neutrophil count, mean platelet volume and C-reactive protein could help clinicians in the clinical arena.
Future perspective
More prospective studies are needed to confirm the pathogenic role of each biomarker in no-reflow; these studies may lead to new treatments of this phenomenon patient. However, so far, there is still a lack of evidence to support the use of threshold values of a specific biomarker as inclusion criteria of a personalized treatment strategy. However, more future studies on predicting roles of newer biomarkers investigated only in animal settings and involved in molecular mechanisms of no-reflow phenomenon should be carried out and several prospective studies are needed in order to shed new light with regard to the importance of each biomarkers, together with its corresponding molecular mechanism, in the occurrence of no-reflow in the single patient. Kloner RA, Ganote CE, Jennings RB: The "no-reflow" phenomenon after temporary coronary occlusion in the dog. J. Clin. Invest. 54, 1496-1508 (1974) .
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